We have demonstrated that 0.2% to 11% of cells from the fetal liver (FL) reacted specifically with high concentrations of anti-CD4 monoclonal antibody (MO&). CD4+ cells from FL were similar in surface phenotype and fluorescence characteristics to the CD4' population found previously in adult bone marrow (BM). FL and BM cells were seeded in cultures that allow differentiation t o primitive precursors. FL cells released many low CD4' and low Thy+ cells in the supernatant, while BM cells seeded under the same conditions did not. We studied the nonadherent cells harvested from 10-day FL cultures (greater than 90% low CD4+). In methylcellulose, they were able to produce more colonies that appear to be characteristic of earlier stages in the hierarchy of hematopoietic precursors (especially erythroid bursts and colonies composed of both myeloid and erythroid elements) in comparison with CD4-cells from 10-day BM cultures. CD4+ cells harvested from FL cultures initiated secondary cultures containing both a stromal layer and large hematopoietic colonies when replated under conditions similar to those of HE CD4 ANTIGEN is expressed by murine thymocytes, mature T cells that recognize class I1 major histocompatibility complex proteins,' and thymic precursors that can give rise to T and B lymphocytes in vivo.' In addition, a CD4-positive cell subset in bone marrow (BM) is enriched with myeloid progenitors (colony-forming unit-culture; CFU-C), multipotential hematopoietic cells (colony-forming unit-spleen; CFU-S): and pluripotent hematopoietic stem cells (HSCs), which are responsible for the long-term reconstitution of irradiated This heterogeneous population of precursor cells has been termed low CD4 precursors, as it expresses very low levels of surface antigen, and optimal immunostaining has been achieved using a high concentration of anti-CD4 monoclonal antibody (MoAb): However, the exact level of these cells in the hierarchy of hematopietic precursors is not clearly defined, and some studies have demonstrated that a CD4-depleted cell subset in BM is also enriched with HSCs.6,' A recent report seems to reconciliate these conflicting results, demonstrating that c-kit-positive cell subsets in BM, whether or not they coexpress the CD4 antigen, can repopulate lethally irradiated mice efficiently.* These results suggest that the antigen is expressed variably on the heterogeneous population of functionally defined HSCs.
FL were similar in surface phenotype and fluorescence characteristics to the CD4' population found previously in adult bone marrow (BM). FL and BM cells were seeded in cultures that allow differentiation t o primitive precursors. FL cells released many low CD4' and low Thy+ cells in the supernatant, while BM cells seeded under the same conditions did not. We studied the nonadherent cells harvested from 10-day FL cultures (greater than 90% low CD4+). In methylcellulose, they were able to produce more colonies that appear to be characteristic of earlier stages in the hierarchy of hematopoietic precursors (especially erythroid bursts and colonies composed of both myeloid and erythroid elements) in comparison with CD4-cells from 10-day BM cultures. CD4+ cells harvested from FL cultures initiated secondary cultures containing both a stromal layer and large hematopoietic colonies when replated under conditions similar to those of HE CD4 ANTIGEN is expressed by murine thymocytes, mature T cells that recognize class I1 major histocompatibility complex proteins,' and thymic precursors that can give rise to T and B lymphocytes in vivo.' In addition, a CD4-positive cell subset in bone marrow (BM) is enriched with myeloid progenitors (colony-forming unit-culture; CFU-C), multipotential hematopoietic cells (colony-forming unit-spleen; CFU-S): and pluripotent hematopoietic stem cells (HSCs), which are responsible for the long-term reconstitution of irradiated This heterogeneous population of precursor cells has been termed low CD4 precursors, as it expresses very low levels of surface antigen, and optimal immunostaining has been achieved using a high concentration of anti-CD4 monoclonal antibody (MoAb): However, the exact level of these cells in the hierarchy of hematopietic precursors is not clearly defined, and some studies have demonstrated that a CD4-depleted cell subset in BM is also enriched with HSCs.6,' A recent report seems to reconciliate these conflicting results, demonstrating that c-kit-positive cell subsets in BM, whether or not they coexpress the CD4 antigen, can repopulate lethally irradiated mice efficiently.* These results suggest that the antigen is expressed variably on the heterogeneous population of functionally defined HSCs.
Fetal liver (FL) is a rich source of primitive HSCs devoid of mature T cells and can induce hematopoietic recovery when injected into lethally irradiated mice.9." In humans, we showed that FL can successfully reconstitute immunodeficient children and unhealthy fetuses transplanted prenatally in utero. '','2 In the studies reported here, we examined whether the CD4 antigen is expressed on murine FL hematopoietic cells under conditions similar to those reported earlier, ie, using high concentrations of anti-CD4 MoAbs. 4 Moreover, FL or BM cells were seeded into a culture system that allows differentiation to primitive precursors for several weeks." The nonadherent cells produced in these cultures were harvested weekly and analyzed for the presence of CD4-positive cells, complete medium, and cultures were not recharged with fresh FL or BM. The cultured cells were refed twice a week by removal of half of the supernatant volume (including cells in suspension), and replacement was performed using fresh medium containing 15% horse serum and 5% fetal calf serum. These cultures will be referred to as primary cultures. Many previous experiments have demonstrated that this one-step culture technique allows either FL or BM cells to set down their own stlomal layer and sustain hematopoiesis for several months."' Fat cells, cobblestone areas,I4 and colonies of more superficial cells laying on the stromal layer are seen under inverted microscope visualization; however, fat cells are less numerous in FL than in BM cultures.
Beginning 10 days after seeding, the cultures were refed twice a week, and the cells removed were washed once before any other test was performed. The cells were adjusted to the appropriate cell concentration for staining with MoAbs, for replating experiments in methylcellulose and in miniaturized cultures (established as described below), and for morphologic and molecular biology analysis. The viability of cells harvested from cultures was always higher than 95% as assessed by Trypan blue dye exclusion test.
An aliquot of nonadherent cells harvested from primary cultures was replated weekly in methylcellulose as described previously'" to assess the presence of colonies (aggregates of greater than 40 cells). Conditioned medium from newborn mouse hearts was used as a source of colony-stimulating factor. Colonies were counted after 14 days of culture. Smaller, translucent-type aggregates were scored as myeloid colonies [colony forming unit-granulocyte-macrophage (CFU-GM)]; larger, red-type colonies were scored as erythroid bursts (BFU-E): and very large colonies composed of both translucent and red-type elements were scored as mixed-cell colonies (CFUmix).
An aliquot of nonadherent cells was harvested from 10-day FL or BM cultures, washed once, and transferred at a concentration of IO' cells per milliliter to a 96-well, flat bottom, tissue culture plate (Microtest 111; Falcon, Becton Dickinson & CO, Lincoln Park, NJ) containing 0.2 mL primary culture medium." These cultures will be referred to as miniaturized cultures. Beginning at 10 days, miniaturized cultures were refed as described for primary cultures. They were checked weekly under an inverted microscope for development of a stromal layer, its morphology, and the presence of hematopoietic foci. Hematopoietic foci were defined by the presence of colonies of pleomorphic cells or typical cobblestone areas within the adherent layer." In some experiments, all cells were harvested from miniaturized cultures by gentle pipetting and were seeded into a 96-wel1, flat bottom, tissue culture plate containing 0.1 mL methylcellulose culture medium described above.
Morphology. Cells harvested from primary or miniaturized FL or BM cultures were cytocentrifuged onto a glass slide and stained using May-Griinwald-Giemsa dye.
Repopulation experiments.
Lethally irradiated (9 Gy) C57BL/6 (H-2h) mice were injected with either 1 X 10' cells from C57BL/6 (H-2h) BM or simultaneously with 2 X 10' cells from BDFl 28 mmol/L p2 mercaptoethanol; 1 mmol/L dNTPs, 10 U of Moloney murine leukemia virus reverse transcriptase, for 60 minutes at 42°C). This cDNA was used as template for PCR amplification, using primers CD4-85374 (5'-GGAGTCCATCTTGACCTT-3') and CD4-85373 (5"GAAGTGAACCTGGTGGTG-3') deduced from the cloned CD4-cDNA, under conditions described by Perkin-Elmer Cetus (Norwalk, CT). As control, previous digestion was performed using ribonuclease before the amplification. PCR products were visualized by ethidium bromide staining on 2% agarose gels."~"' Statistical analysis. The statistical analysis of parameters was performed using the Student's t-test and was accomplished using a Statworks program (Statworks, Meylan, France) on a Macintosh computer (Apple, Cupertino, CA). Data were considered to be significantly different when P < .OS. 4 .6% (n = 4) of BM, respectively, and 0.2% 2 0.1 % (n = 4) and 2.5% 5 0.8% (n = 4) of FL cells, respectively, depending on the MoAb used. Following a protocol reported previously: we used 100-times more MoAb (ie, 25 &IO" cells) than that optimal for staining the thymocytes. Under these conditions, up to 33% of BM cells were stained above background, but the percentage was highly variable, from I % to 33%, with a mean of 8.6% and 17.1% with the two MoAbs (Fig I and (n = 2) when a MoAb concentration of 25 &IOh cells was used. The presence of (few) early progenitors in the spleen may account for the slight difference observed." Dual-color staining with antiLyt 1.2 and anti-CD4 MoAbs showed that most low CD4 cells from the BM did not stain positively with Lyt 1.2 MoAb, while most CD4-positive splenocytes were costained with anti-Lyt 1.2 MoAb, although a small percentage was not (data not shown). The analysis of forward-light scatter characteristics showed that low CD4 cells from BM include two distinct populations: a high forward light-scatter population and a low forward light-scatter population. These cells appear several-fold less fluorescent when compared with thymocytes stained in parallel (Fig 2 and Table l ) . We assumed that this low CD4-Lyt 1.2-negative population corresponded to that described previously as being HSC-conmining4 To determine whether fresh FL cells expressed the same staining pattern as BM, we incubated fresh FL cells with the anti-CD4 and the anti-Lyt 1.2 MoAbs under the same conditions. Analyzing a population similar to that of BM by setting appropriate gates and using similar cytofluorimetric parameters for the acquisition of the data, the anti-CD4 MoAbs of various origins stained about 0.2% to I 1% of FL cells even when used at the highest concentration (Figs 1 and 2) . whereas the anti-Lyt 1.2 MoAb, at the same high concentration, stained only 0.7% to 2.6% (Table l) .
RESULTS

Detection
Detection qf CD4 anrigen on cultured FL nnd BM cells.
Using the same protocol as for thymocytes, splenocytes, For Fig 3) . Nonadherent cells from IO-day FL cultures expressed very low percentages of CD4 and Lyt I .2 antigen when the MoAbs were used at a concentration of 0.25 pg/lOh cells, whereas as many as 26% of cells stained positively for the Thy 1.2 antigen at the highest concentration used and expressed low levels of the antigen (low Thy ; Fig 4) . At subsequent weeks of culture, the percentage of CD4-positive cells decreased progressively (Fig  3) . Staining of nonadherent cells from BM cultures showed negligible percentages of CD4- (Fig 3) , Lyt 1.2-, and Thypositive cells. Both FL and BM cells contained low to no FETAL LIVER TOCCI ET AL detectable percentages of MacI-and CD3-positive cells (even when high concentrations of MoAb were used; data not shown). When nonadherent cells from FL cultures were analyzed after 24 hours and 48 hours of culture, no staining was detected (in this particular experiment, 1 I .8% fresh, ie, before seeding in culture, FL cells were low CD4). At the endpoint of cultures, low CD4-positive cells were still found in both BM and FL stromal layers. The results obtained at the cell surface using MoAbs were confirmed at the RNA level, using the RT-PCR technique (Fig S) .
Monitoring of BM and FL cultures by production qf nucleated cells and clonogenic progenitors. Nucleated cell numbers, CFU-GM, BFU-E, and CFU-mix were assayed weekly in nonadherent cells harvested from FL or BM cultures (Figs  6 and 7) . The cells from FL cultures produced a larger number of colonies and, after IO days of culture, most precursors contained in the nonadherent cells produced erythroid or mixed colonies. Later in culture, FL produced prevalently CFU-GM progenitors. Conversely, the cells from BM cultures produced fewer colonies and, at any time, CFU-GM were prevalent while mixed colonies were very rare. The cells harvested from FL cultures were greater than 90% CD4-positive, and those from BM cultures were virtually antigennegative after I O days of culture. (The data of Fig 6 correspond to the first and second experiments shown in Fig 3.) Miniaturized cultures. Miniaturized cultures were obtained by seeding nonadherent cells harvested from IO-day FL or BM cultures. Cultures from FL cells could be maintained for several weeks (longer than 8 weeks in some experiments), whereas cultures from BM cells did not progress after weeks 2 to 3 ( Table 2 ). Nonadherent cells harvested from FL cultures (unlike those harvested from BM cultures) were able to produce a confluent stromal layer in about 3 weeks. This stromal layer was typical in aspect (ie, such as that observed in primary cultures), although fat cells were consistently more numerous compared with primary cultures. Some foci of hematopoietic activity [very large polymorphic cell aggregates (Fig 8A) and rare cobblestone areas] and many colonies of large translucent cells on the stromal layer were observed. BM cells produced only some foci of adherent cells with very small aggregates of pleomorphic cells (Fig 8B) . In some experiments, nonadherent and adher- For personal use only. on October 27, 2017. by guest www.bloodjournal.org From Table 2) .
Morphology of cells harvested from FL ond BM cultures. May-Griinwald-Giemsa staining of the cytocentrifuged cell suspensions showed that the most prevalent cells in primary cultures of FL were large and macrophage-like cells; some of these cells contained multiple nuclei (up to four) and numerous nucleoli (Fig 9) . These cells were nonspecific esterase-positive. In a nonadherent subset from BM primary cultures, smaller cells were found: binucleated macrophagelike cells were rarely seen, and no plurinucleated cells were identified. Very few lymphocyte-like cells were seen. Cells found in BM cultures were more polymorphic than those in FL cultures. Mitotic figures were repeatedly observed in FL but rarely seen in BM nonadherent cell populations.
In nonadherent and adherent subsets of BM miniaturized cultures, only macrophage-like cells were observed, whereas many undifferentiated cells with a high nuc1ear:cytoplasmic ratio were harvested from miniaturized FL cultures.
Low CD4 cells generated in FL cultures contain pluripotent HSCs. At 13 weeks after transplantation, all mice injected with either host-type BM or simultaneously with cells from FL cultures (greater than 90% low CD4-positive) and host-type BM survived the lethal effects of irradiation. Mice were analyzed for the presence of H-2d cells after 5 and 13 weeks from injection. Low numbers of cultured FL cells were able to repopulate all lineages in lethally irradiated mice; they were also able to compete with host-type BM (Table 3) .
DISCUSSION
In the present study, we have demonstrated that murine FL contains a population of low CD4 cells that are similar in surface phenotype and fluorescence characteristics to the primitive population found previously in BM."' However, these cells did not constitute a major population as might be expected of FL, which is a rich source of early HSCs devoid of mature cells, and in some experiments the percentage of antigen-positive cells was as low as less than 1.0% of the total population. Preliminary experiments on human FL show that, as early as the 16Ih week of age, FL contains only about less than 2% of low CD4 cells, a finding that is lower than the reported 9% incidence in adult human BM. 4 A great interexperiment variation was observed in our study on BM, and this confirms previous studies in which percentages varying from 3% to 60% of cells were found to be positive in In our study on FL, this variation is probably caused by the fact that cells are obtained by pooling FL from fetuses of slightly different conceptional ages, with a variable distribution of younger and older fetuses in the pooled suspension. Despite the relatively lower number of low CD4 cells in FL compared with BM, the FL cultures release high numbers of antigen-positive cells in the supernatant (which becomes several-fold enriched with low CD4 cells compared with fresh, ie, uncultured, cells), whereas BM cultures give rise to few low CD4 cells. Interestingly, the population produced in FL cultures also contains a substantial proportion of low Thy-positive cells after 10 days of culture. The presence of these markers on cells produced by FL cultures suggests that most of these cells are earlier in the hierarchy than those produced in BM cultures.
In our experiments, we did not purify further our greater than 90% low CD4 cell population, as we reasoned that cell sorting would have produced a population containing a still TOCCI ET AL high level of contaminants because of a lack of clear separation of the positive from the negative populations.
It is necessary to exclude the possibility that these cells could derive from the proliferation of mature T cells (if any) present in the fresh FL or BM. First, the morphologic study of this population showed a very limited number of lymphocyte-like cells. Furthermore, it is well known that Dextertype cultures do not lead to maintenance of mature lymphocytes,'' and a short period of culture under conditions similar to those used in this study has been proposed as a technique to purge adult BM to avoid graft-versus-host disease in allogeneic transplantation.2' BM, which logically contains a higher number of mature lymphocytes in comparison with FL, produces few to no detectable CD4-positive cells in our culture system. Moreover, few cells in FL cultures react with a standard (0.25 pg/106 cells) concentration of anti-CD4 or with standard to high concentrations of anti-Lyt 1.2 and anti-CD3 MoAbs.
It is notable that many macrophage-like, nonspecific esterase-positive, multinucleated cells were identified in the nonadherent population harvested from primary FL cultures, whereas in BM cultures, binucleated, macrophage-like cells were rarely seen and no plurinucleated cells were identified. The multinucleated cells identified in FL cultures are similar to those described by others in human cord blood:' ie, macrophage-like, large, multinucleated, and nonspecific esterasepositive cells. These cells have excellent replating capacity, and it is speculated that they may be associated with the repopulating capacity of cord blood cells. More importantly, these cells virtually lack the CD14 antigen, which is found on human monocytes and macrophages. Our results seem to mimic these previous findings. The production of these cord blood cells has been referred to as being hyperstimulationmediated by added growth factors, particularly the steel factor, interleukin-3, and the granulocyte-macrophage colonystimulating factor. The exact mechanism of development of these cells has not been fully elucidated, although their presence in our FL (but not in BM) cultures might be caused by a higher production of growth factors by the FL stromal layer compared with that of the BM. This explanation seems to be confirmed by recent studies that show higher levels of containing 0.2 mL culture medium. Starting at 10 days, cultures were refed as described for primary cultures. Miniaturized cultures were checked weekly under inverted microscope for development of the stromal layer, its morphology, and the presence of hematopoietic foci. Hematopoietic foci were defined by the presence of aggregates of hematopoietic cells on the adherent layer and/or cobblestone areas. In two experiments, the cells were harvested from a single well of miniaturized cultures at week 5 of culture by gentle pipetting and were seeded into a 96-well, flat bottom, tissue culture plate containing the methylcellulose culture medium described in Materials and Methods.
Abbreviations: +, stromal layer and hematopoietic foci present in less than 30% of the well; ++, stromal layer and hematopoietic foci present in 30% to 60% of the well; +++, stromal layer and hematopoietic foci present in greater than 60% of the well.
For personal use only. on October 27, 2017. by guest www.bloodjournal.org From For personal use only. on October 27, 2017. by guest www.bloodjournal.org From RNA transcripts of steel factor and interleukin-3 in stromal clones obtained from murine FL compared with those obtained from BM. 24 Our data show that clonogenic precursors earlier in the hierarchy (CFU-mix and BFU-E) are more numerous in FL than in BM cultures at day 10 of culture; after this time, even the FL cultures shift towards a prevalent production of CFU-GM. In a system with no addition of exogenous cytokines, these observations confirm the ontogeny-related differences between fetal and adult HSCs reported prev i o~s l y .~~ We used replating experiments (miniaturized stromal cultures) to assess the presence of very primitive cells in the nonadherent population harvested from either FL or BM primary cultures, as described previo~sly.'~ Miniaturized cultures were successfully established from the nonadherent cells harvested from either FL and BM cultures, but the latter did not progress after weeks 2 to 3. The morphology of FL miniaturized cultures was typical, with the exception of a higher number of fat cells, which are rarely observed in primary FL cultures but are more frequently found in primary BM cultures (F. Rezzoug, unpublished observations from 1988 to 1993; compare also Slaper-Cortenbach et al"). The presence of more fat cells could be caused by the culture system, as described previo~sly,'~ but the exact mechanism that would explain this difference is not fully understood. In some experiments, we replated the nonadherent and adherent cells harvested from the miniaturized cultures after 5 weeks in methylcellulose to assess the presence of clonogenic progenitors derived from more immature cells possibly present in the inoculum. However, the absence of CFU-C raises doubts on the efficacy of this one-step culture system in assessing the presence of primitive cells in the inoculum. However, in vivo, our results show that a limited number of cells harvested from FL cultures are able to repopulate lethally irradiated animals, that low CD4 cells harvested from FL cultures contained pluripotent HSCs, as shown by the repopulation assay in lethally irradiated mice, and that the number of HSCs in the harvested population should be relatively high, because they were able to compete with either coinjected host-type BM and (few) residual HSCs in the host. Alternatively, cultured cells might possess some advantages over coinjected fresh BM cells in repopulating mice.
These results indicate that FL and adult BM hematopoietic cells have different developmental potential in vitro. It is conceivable that functional differences between primitive hematopoietic cells of tissues at various stage of development2' could explain these findings: more primitive cells, which are more highly represented in FL compared with BM, could have undergone partial differentiation in our culture system, with production of cells phenotypically similar to BM primitive precursors. Although we cannot absolutely exclude the possibility that the low CD4 cells produced in FL cultures were derived exclusively from the proliferation of the few CD4 cells found in fresh FL, the dynamic analysis of the development of these cells in culture is in favor of the generation of this important population from a CD4-negative subset of HSCs. When the nonadherent cells from FL cultures were tested within the first 2 days for the presence of low CD4 cells, no detectable staining was observed, suggesting the exhaustion of the preexisting low CD4 cells (via differentiation or death) and the active production of new low CD4 cells. Alternatively, internalization of the antigen occurring in the first phase of culture may also explain these findings. We speculate that FL contains a primitive population of cells, not expressing the CD4 antigen (prelow CD4 precursors), which are able, in the appropriate microenvironment, to produce low CD4 cells that share many characteristics with adult-type HSCs. Conversely, BM, at a lower stage in the hierarchy, does not sustain the production in vitro of a large number of low CD4 cells under similar conditions. These differences between adult and fetal tissues should be taken into account when planning to expand HSCs in vitro.
